We investigated the regulation of the herpes simplex virus (HSV)-specific lymphoproliferative response (LPR) by suppressor cells. The chief cell types in HSV-immune splenocytes proliferating in response to the antigen were Lyt 1+ and Lyt 2+ T cells, which accounted for approximately 60 and 40% of the response, respectively. Because the total responsiveness of splenocytes was enhanced after depletion of Lyt 2+ cells, the LPR was assumed to be subject to regulation by an Lyt 2+ suppressor cell. This was shown to be the case with an experimental design in which suppressor cell activity was induced in one culture, the cells were irradiated, and the effects on LPR were measured in a test antigen-stimulated culture. The cell responsible for suppression was shown to be Lyt 2+ U+, and the actual suppressor effect was not antigen specific. Cellular requirements for the generation of suppression were also investigated. The three distinct cell types that appeared to be required were Lyt 2+ and Lyt 1+ T cells and an UJ+ antigen-presenting cell. Of the three cell types, only the Lyt 2+ cell needed to be from HSV-immune animals. The implications of our model system for the better understanding of the role of immunity in herpesvirus pathogenesis are discussed.
A variety of research approaches have indicated that cellular aspects of immunity play a principal role in recovery from herpesvirus infections (8, 13) . However, herpesviruses persist in the body and may cause recrudescent disease despite the presence of effector T cells and antibody. No satisfactory explanation exists to explain why recrudescent lesions occur and why their severity varies. However, one idea currently courting favor is that changes in immunoregulation resulting from suppressor cell activity precede and account for lesion development (15, 16) . Support for this idea includes the observation that changes in the ratio of suppressor to helper cells may occur around the time of recrudescence (15) . As a prelude to studying the regulation of immunity in animal models of recrudescence, we approached the question of the role that suppressor mechanisms might play in influencing T cell immunity as measured by the lymphoproliferative response (LPR) assay. We demonstrated the contribution of different T cell subsets to the LPR and the extent of LPR regulation by suppressor cells. Finally, we defined some of the cell types involved in suppressor cell induction.
MATERIALS AND METHODS
Virus preparations. Herpes simplex virus (HSV) type 1 strain KOS was propagated in HEp-2 cells as described before (11) . The viral stock had an infectivity titer of 4 x 108 PFU/ml. UV-inactivated HSV was prepared by exposing 0.5 ml of the viral stock to a germicidal lamp (Sylvania Electric Products, Danver, Mass.) at a distance of 3 cm for 2 min. This resulted in a reduction of the viral titers to fewer than 102 PFU/ml. Heat inactivation was performed by incubating 0.5 ml of the viral stock at 60°C for 30 min. The infectivity titer of heat-inactivated HSV stock was less than 10 PFU/ml. Sonicated HEp-2 cells were used as The preparation of single-cell suspensions of splenocytes has been described elsewhere (11) . The splenocytes were cultured in RPMI 1640 (GIBCO Laboratories, Grand Island, N.Y.) containing 5% heat-inactivated fetal calf serum, 2 mM glutamine, penicillin (100 U/ml), streptomycin (100 ,ug/ml), gentamicin (50 ,Lg/ml), and 5 x 105 mM 2-mercaptoethanol. Bulk Virus-stimulated cultures were incubated with HSV at a multiplicity of infection of 1.0 PFU per cell calculated before inactivation. Influenza stimulation was achieved with 120 hemagglutination units of virus.
Interleukin 2 (IL-2) containing supernates from concanavalin A-stimulated rat splenocyte cultures (CAS) were prepared as previously described (14) . IL-2 determinations were performed with the IL-2-dependent CTLL cell line (kindly provided by K. Smith Negative depletion of the microculture wells was performed by transferring 100 ,u of cells to V-bottomed Linbro trays (Flow). The cells were pelleted by centrifugation (200 x g, 5 min), and the supernatant fluid was discarded. The cells were suspended in 100 ,u of the diluted antiserum and incubated for 45 min on ice. The cells were again pelleted, and the supernatant was discarded; the cells were then suspended in 100 ,ul of rabbit complement diluted 1/13 in cytotoxicity medium (Accurate Chemical and Scientific Corp., Westbury, N.Y.). The plates were incubated for 30 min at 37°C. Afterward the cells were washed with cytotoxicity medium and suspended in RPMI 1640 containing 0.5 ,uCi of [3H]TdR. The cultures were incubated for 6 h and then harvested onto glass fiber filters.
Negative depletion of the bulk cultures was performed as previously described (10) . Briefly, 107 splenocytes were suspended in specific antiserum and incubated for 45 min at 4°C. The cells were washed with cytotoxicity medium and suspended in complement. After being incubated at 37°C for 30 min, the cells were washed several times with cytotoxicity medium and then suspended in complete RPMI 1640. Viability of the treated cultures was determined by trypan blue exclusion. The number of cells per milliliter was adjusted after viability determinations were performed.
Coculture experiments. Suppressor-inducer cultures consisted of HSV-immune splenocytes or nylon wool-purified Thy 1+ cells incubated in the presence of HSV antigens as described above. Nylon wool-purified cells were stimulated with HSV-infected resident peritoneal cells from syngeneic mice. In some experiments, the cells were treated with specific antiserum and complement before viral stimulation. Normal splenocytes were added as filler cells to some of these depleted cultures. Enough filler cells were added to the pressor cell induction, nylon wool-nonadherent cells (conurther reveal the mechanism of suppression and to sisting of >99% Thy 1+ cells) were used for the suppressor better identify the suppressor cell regulating the LPR to HSV, the following coculture experiments were performed. HSV-immune splenocytes were incubated with heatinactivated HSV for 3 days and subsequently separated into various subpopulations based on adherence and antigen expression. The selected cells were then irradiated (2,000 rads, X-irradiation) and added to test cultures at their initiation. On day 5 of culture, the test cultures were pulsed cell induction cultures. Such cells generated suppressor activity when stimulated with HSV-treated peritoneal cells to act as antigen-presenting cells (APC) ( Table 5 ). This cell population was depleted of T cells by anti-Thy 1 plus complement treatment. In the absence of added APC, antigen stimulation failed to generate suppression. Upon depletion of either Lyt 1+ or Lyt 2+ cells from these cultures before antigen stimulation, suppressor cell activity was not generated. However, unlike the situation with intact splenocyte responders, IJ depletion had no effect. This indicated that IJ+ cells were provided by the APC and were presumably required for suppressor cell induction. Support for this idea came from experiments in which the APC population was treated with anti-IJ plus complement before HSV exposure and use for induction (Table 6 ). After such treatment, suppression was not generated in the nylon woolnonadherent responder population. Conversely, IA+ depletion of the peritoneal cell population actually enhanced the suppressor cell activity.
The question of the antigen specificity of the expression of suppressor cells was also addressed. For this purpose, antigen-induced suppressor populations were irradiated and added to two types of test cultures. The first were HSV- ' Significantly less than the control at P < 0.01. immune splenocytes stimulated with HSV, and the second were influenza-immune splenocytes stimulated with influenza virus. It is readily apparent ( Table 7) that the expression of suppression is nonspecific. Finally, the possible mechanism of suppression was investigated. IL-2-containing supernatant fluids from CAS was added to the test cultures at the time of suppressor cell addition (Table 8) . Though an optimal dosage of CAS stimulated [3H]TdR incorporation above the response of the control cultures, the addition of CAS failed to overcome the suppression mediated by the added suppressor cells. Increasing the concentration of CAS (10%, vol/vol) failed to overcome suppression (data not shown).
DISCUSSION
We have demonstrated that HSV-specific LPRs are regulated by suppressor cells, and we have, in addition, delineated some of the cell types involved in suppressor cell induction. Our results showed that HSV-specific LPR measures mainly the responses of two T cell subsets, Lyt 1+ and Lyt 2+. As in other systems (17) , the actual LPR is driven by IL-2 produced by Lyt 1+ cells. Thus, in the absence of Lyt 1+ cells, LPR was almost eliminated, but the addition of extraneous IL-2 restored the LPR of Lyt 2+ cells. In the HSV system, unlike some others (5, 12) , Lyt 2+ cells failed to produce their own IL-2 at least in sufficient quantity to drive proliferation. Upon removal of the Lyt 2+ cells before antigen stimulation, LPRs of the remaining cells were clearly elevated. This was taken as evidence for the presence of regulatory suppressor cells in the Lyt 2+ population. We know from previous studies that CTLs are also Lyt 2+ cells (11) , so it was conceivable that suppression resulted in part from killing of proliferating antigen-expressing cells or APC (3). However, this idea was made unlikely by the observation that heat-inactivated viral antigen preparations elicited both the LPR and suppression. In contrast, heat-inactivated virus does not elicit HSV-specific CTL responses (14) . Furthermore, IJ depletion of the cultures enhanced both the LPR and CTL activity.
In an attempt to further identify the cell types involved in suppression, experiments were done in which suppression was generated in one culture and those cells, after irradiation, were subsequently used to modulate the LPR of another antigen-stimulated test culture. After 3 days of antigen stimulation, potent suppressor cell activity was generated which could inhibit the induction of the LPR in test cultures by up to 90%. The cell type responsible for the suppression was an Lyt 2+ IJ+ cell, but several cell types appeared necessary for the generation of the suppressor cell.
These included cells expressing the Lyt 2+, the Lyt 1+, and the IJ antigens. That all markers were expressed on a single suppressor cell precursor seemed unlikely. Rather, it appeared on the basis of indirect evidence that suppressor cell induction required the interaction of at least three cell types. Of the three putative cell types required for suppressor cell generation, only one, the Lyt 2+, needed to be from HSVimmune animals. Thus, normal splenocytes could provide both the Lyt 1+ and IJ+ cells. The IJ-expressing cell required for suppressor cell induction was most likely an IJ+ APC, because this cell was adherent, Thy 1-, and present in peritoneal washes from nonimmune mice.
Cooperation between different cell subpopulations occurs in the induction of suppressor cells which regulate a variety of immune responses to noninfectious antigens (1, 2, 4). These interactions involve distinct T cell subpopulations and macrophages. Like the current study, the different T cell populations involved could be identified on the basis of Lyt antigen expression. Thus, suppressor inducer cells are Lyt 1+, whereas suppressor effector and acceptor cells are Lyt 2+ (1) , and the APC are IJ+ (2) . The interactions of these cells also involve the production and presentation of soluble suppressor factors. Although some of these factors are antigen specific and genetically restricted in their action, the ultimate suppressor effect may be nonspecific.
It remains to be established how the various cell types interact in the HSV model to generate suppression and whether soluble factors are involved. Elsewhere we have shown that supernatant fluids from HSV-stimulated, HSVimmune splenocyte cultures suppress the LPR to HSV (D. W. Horohov, R. N. Moore, and B. T. Rouse, Fed. Proc. 43: 1608, 1985) . The suppressive supernatant fluid contains multiple suppressor activities, one of which is antigen specific. However, as in the current study, the ultimate suppressor effect appears to be mediated nonspecifically. Thus, both the suppressor cell and the soluble factors generated in the HSV-stimulated cultures suppress the LPRs to influenza. It is not known how either suppressor mechanism acts. Possible mechanisms of suppression include (i) interference with APC (3), (ii) the neutralization of factors, such as IL-2 produced by helper cells (6) , and (iii) the release of mediators that inhibit T cell activation or division (9) . Suppression of HSV-specific lymphoproliferation does not require CTL activity in the cultures and thus does not appear to involve lysis of the stimulatory cells. In conflict with the second mechanism and in support of the third alternative is our observation regarding the inability of exogenous IL-2 to abrogate suppression by the Lyt 2+ IJ+ cells. Thus it appeared unlikely that suppression was the result of limiting amounts of growth factor. It appeared instead that suppression, probably mediated by one of the nonspecific soluble factors, was due to direct interference with the proliferating population. Similar mechanisms have been described in other systems (18) .
It is important to understand how the suppressor cell system is activated and expresses its activity in vitro because clues may emerge as to manipulation of the system that will prove of value in vivo. For example, suppressor cells could serve to inhibit protective aspects of immunity before the development of recrudescent disease. There is some evidence that helper-to-suppressor T lymphocyte ratios do change around the time of recrudescence in humans (15) , and recently in the guinea pig model of HSV-2, suppressor cells were demonstrated in the spleens of animals undergoing recrudescence (7) . Indeed, if suppressor cells and their products are involved in modulated immunity to HSV in humans, this could provide a useful target for treatment aimed at breaking the cycle.
